Introduction
Point-of-care testing (POCT) using a portable device has become an attractive method for early diagnosis and treatment. 1, 2 Enzyme-linked immunosorbent assays with the electrochemical detection (EC-ELISA) method have advantages as regards POCT in terms of assembly cost and production requirements compared with fluorescent and colorimetric detection methods when our goal is to develop portable devices. 3 However, a serious problem is that non-specific adsorption often occurs on the electrode surface, and then the current signal is quickly reduced. To avoid this problem, several researchers have reported performing the antigen-antibody reaction separately from the electrochemical measurements. For example, ELISA was performed in a microtiter plate and the electrochemical detection was performed in a separate electrochemical cell. 4 Microbeads modified with antibody were used to detect immunoassay responses in which the electrodes were separated from the immuno-reagents and real samples. 5 Electrode activity still remained with these methods because the protein and other chemicals did not touch the electrode surface directly. In these cases, the handling becomes very complicated and device integration becomes quite difficult. Therefore, there is a need to develop an ambivalent electrode surface, which has two different properties: excellent protein resistance ability and electrochemical activity.
Oligo(ethylene glycol) (OEG)-terminated self-assembled monolayers (SAMs) that have good potential to provide protein fouling resistance, have been applied mainly to surface plasmon resonance (SPR) sensors. 6 A thin and simple molecular layer consisting of the above molecules is highly suitable when we perform surface sensitive detection such as electrochemical measurements and other spectroscopic measurements. Unfortunately, they have only limited applicability for the electrochemical measurements because the OEG-terminated monolayer impedes the electron transfer between the electrode surface and the redox molecules in sample solutions due to the existence of thick and densely packed SAMs. The SAMs of dithiolated OEG have recently been reported. 7 In this case, OEG-terminated dithiolated monolayers can provide some space for permeating redox molecules in intermolecular. In contrast, we have reported the synthesis of tri(ethylene glycol)-terminated short alkanethiol molecules (TEGCnSH, Cn = (CH2)n, n = 2, 4, 6, and 8) and have described their use for avoiding non-specific adsorption on a gold surface. [8] [9] [10] The intramolecular distance of a SAM formed with TEGCnSH can be controlled by repulsion from the dynamic TEG part and interaction with the alkylchain part. For example, we can increase the packing density by increasing the number of alkylchains, which is a totally different approach from the previously reported method for realizing intramolecular space with a dithiolated structure.
In this paper, we examine whether our TEGCnSH has the An on-chip enzyme-linked immunosorbent assay combined with an electrochemical detection method (EC-ELISA) was employed to detect a leptin, one of the most important adipose derived hormones, using gold electrodes modified with a tri(ethylene glycol) terminated short alkanethiol (TEGCnSH, Cn = (CH2)n, n = 2, 4, 6, and 8) monolayer. These TEGCnSH monolayers on gold electrodes can suppress non-specific protein adsorption without affecting the electrochemical activity required for detecting p-aminophenol (PAP), which is an alkaline phosphatase (ALP) product. We measured leptin with a highly sensitive detection range (100 pg mL -1 to 10 ng mL -1 level) and with the desired detection limit (13.6 pg mL -1 ) by using electrochemical detection. For detecting leptin, the EC-ELISA method using TEGC4SH modified gold electrode with a poly(dimethylsiloxane) based microchannel was superior to the conventional ELISA method. With the EC-ELISA method, we were able to measure leptin with a satisfactory detection range and a pg level detection limit within 30 min, which is a much lower detection level than that obtained with conventional plate based ELISA. Original Papers potential for use in constructing a bifunctional membrane that provides both protein resistance and permeability. We employ a TEGCnSH-modified gold electrode with the EC-ELISA method combined with a poly(dimethylsiloxane) (PDMS) based microchannel to detect the disease marker, leptin. Leptin is a peptide hormone, made by fat cells, that may have a causal relationship with diabetes.
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The oxidation current for p-aminophenol (PAP), which is an enzyme (ALP; alkaline phosphatase) product, is often measured to estimate the antigen concentration by electrochemical detection. [12] [13] [14] We were able to measure leptin within 30 min while achieving the required detection range and detection limit.
Experimental

Reagents and chemicals
Tri(ethylene glycol)-terminated short alkanethiols (TEGCnSH, Cn = (CH2)n, n = 2, 4, 6, and 8, Fig. 1 ) were synthesized by our group as previously described. Fig. 1 ) and a Biotin Labeling Kit were purchased from Dojindo (Kumamoto, Japan). PAP was purchased from Nakalai Tesque (Kyoto, Japan). Bovine serum albumin (BSA) and glycine were purchased from Sigma (St. Louis, MO). An amine coupling kit (1-ethyl-3-[3-dimethylaminopropyl] carbodiimide (EDC), N-hydroxysuccinimide (NHS), 1 M ethanolamine (pH 8.5), GE Healthcare (Giles, UK)) was used. Leptin (Immuno-Biological Laboratories (Gunma, Japan)) and monoclonal anti-leptin antibodies (3D10 and 14C9 (Mikuri Immune-Laboratory (Osaka, Japan))) were used for the immunoassay.
Streptavidin-labeled alkaline phosphatase (ALP) (R & D Systems (Minneapolis, MN)) and p-aminophenyl phosphate (PAPP) (LKT Laboratories (St. Paul, MN)) were used for our electrochemical measurements. Ultrapure water (Milli-Q) was used for all of the experiments. Other chemicals of analytical grade were used.
Preparation of TEGCnSH or HOOCC10SH modified gold electrode treated with BSA
A gold electrode (f1.6 mm, BAS, Tokyo, Japan) was cleaned with aqueous slurry and polishing paper. The electrode was then cleaned electrochemically in 0.1 M H2SO4 by potential cycling in the 0 to +1.5 V (vs. Ag/AgCl) range at a potential scan rate of 100 mV s -1 for 20 min. The gold electrode was immersed in a TEGCnSH or HOOCC10SH solution (1 mM, in PBS (10 mM phosphate buffer, pH 7.2) with 20% ethanol) for 60 min. After modification, the electrode was washed with ethanol and water.
To evaluate the fouling effect, we treated TEGCnSH modified gold electrodes in a BSA solution (1 or 100 mg mL -1 , in Tris buffer (pH 7.4) with 0.05% Tween 20). The electrodes were washed with water before each electrochemical measurement.
Electrochemical measurement for PAP using TEGCnSH (or HOOCC10SH) modified gold electrodes
Electrochemical measurements were performed with a potentiostat (Model 710CZ; CHI Instruments, Austin, TX). Linear sweep voltammograms (LSVs) were obtained with a conventional three-electrode system. Gold electrodes (f1.6 mm, modified with and without TEGCnSH (or HOOCC10SH) and treated or untreated with BSA), Ag/AgCl and platinum wire were employed as the working, reference and auxiliary electrodes, respectively. We obtained LSVs of PAP (100 μM, in Tris buffer) in a -200 to +700 mV potential range (vs. Ag/AgCl) with a scan rate of 100 mV s -1 .
SPR measurement of anti-leptin antibody immobilized on HOOCC10SH-TEGCnSH mixed SAMs
All SPR measurements were performed on a BIACORE T100 instrument.
HOOCC10SH-TEGCnSH mixed SAMs were formed by applying a HOOCC10SH and TEGCnSH solution (0.1 and 0.9 M, respectively, with n PBS with 20% ethanol) to the gold surface of the sensor chip (BIACORE SIA Kit Au, BIACORE AB, Uppsala, Sweden) for 60 min at 1 μL min -1 . The chip surface was sequentially washed with PBS. The process for immobilizing anti-leptin antibody on HOOCC10SH-TEGCnSH mixed SAMs was as follows. First, EDC and NHS mixed solution (37.5 and 5.75 mg mL -1 , respectively, in acetate buffer (10 mM, pH 5.0)) was introduced onto a gold chip surface modified with HOOCC10SH-TEGCnSH mixed SAMs for 7 min at 10 μL min -1 . Then anti-leptin antibody was added to the acetate buffer to give a final concentration of 10 μg mL -1 , and the solution was applied for 7 min at 10 μl min -1 . The antibody was immobilized on HOOCC10SH via a carbodiimide coupling reaction. 15 Finally, an ethanolamine solution (1 M, pH 8.5) was applied for 7 min at 10 μL min -1 . The total amount of immobilized anti-leptin antibody was estimated from the resonance unit value (1 RU = 1 pg mm -2 ).
Preparation of microfluidic device for leptin measurement
A schematic representation of a chip based immunosensor for leptin determination is shown in Fig. 2 . The immunosensor consisted of a patterned gold thin film (Au, 90 nm; Ti, 10 nm) on a quartz wafer and a poly(dimethylsiloxane) (PDMS) cover with a straight microflow channel (2 mm wide and 20 μm deep) (Figs. 2(a) and 2(b) ).
HOOCC10SH-TEGC4SH mixed SAMs were formed on the patterned gold thin film (Fig. 2(c)(2) ). The centers of three gold thin films were coated with silver paste (Fujikura Kasei, Tokyo, Japan) and used as reference electrodes. The patterned electrode covered the straight PDMS microflow channel. Films 1, 2 and 3 were fabricated as working, reference, and auxiliary electrodes, respectively.
The process for immobilizing anti-leptin antibody on HOOCC10SH-TEGC4SH mixed SAMs was as follows: HOOCC10SH-TEGC4SH modified gold was activated with an EDC-NHS mixed solution (15 min at 5 μL min -1 ). Then anti-leptin antibody (10 μg mL -1 ) was introduced (15 min at 5 μL min -1 (Fig. 2(c)(3) )). Finally, the surface was treated with ethanolamine solution (1 M, pH 8.5) 5 min at 5 μL min -1 ). The sample leptin, 500 ng mL -1 biotin labeled anti-leptin antibody (synthesized with anti-leptin antibody (14C9, 50 μg) and biotin labeling kit (Dojindo)) and diluted streptavidin labeled ALP conjugate solution were introduced from port 1 for 10 min at a flow rate of 5 μL min -1 via a syringe pump (Fig. 2(c)(4) ). When the solution flowed across the leptin sensing layer, there was an antigen-antibody reaction on the gold films. We rinsed the microchannel by introducing Tris buffer from port 1 for 5 min at a flow rate of 5 μL min -1 , and then we introduced Tris buffer solution containing 1 mM PAPP, which is the ALP substrate, from port 1 for 10 min at a flow rate 5 μL min -1 ( Fig. 2(c)(5) ). After that, we turned off the syringe pump and waited for 5 min. PAP was produced from the PAPP via an enzymatic reaction with the anti-leptin-ALP trapped on the gold films. We measured the oxidation current for PAP using square-wave voltammogram (SWV) measurements performed with an amplitude of 25 mV and a ΔE of 5 mV at 10 Hz and a potential range of -200 to +500 mV (vs. Ag/AgCl) ( Fig. 2(c)(6) ). Finally, the surface was regenerated with glycine buffer (10 mM, pH 2.4) (Fig. 2(c)(7) ). Figure 3 shows the oxidation currents of the LSVs for PAP on gold electrodes modified with and without TEGCnSHs (or HOOCC10SH). The oxidation peak of PAP on an unmodified gold electrode was observed at +120 mV. This oxidation peak shifted to a positive potential when the electrode surface was modified with the TEGCnSH and HOOCC10SH, as shown in Fig. 3 . As the alkylchain of the modified molecules became much longer, the oxidation currents of PAP gradually decreased. PAP oxidation currents of around 70% were still observed with TEGCnSH (n = 2, 4, 6)-modified electrodes, and one of 43% with the TEGC11SH-modified electrode, compared respectively with the data for the unmodified gold electrode. In addition, the oxidation potentials gradually became more positive as the TEGCnSH alkylchain length increased. The electron transfer behavior on the SAMs modified gold electrode has already been reported. 16, 17 The peak shifts and current decrease in PAP could be influenced by two main factors: namely, the thickness or the rigidity of the monolayer. TEGCnSH with a longer alkylchain can form much thicker and more rigid SAMs. 8 As the alkylchain length increases, PAP oxidation is gradually inhibited as shown in Fig. 3 . Although TEGC11SH molecules can construct a suitable monolayer for suppressing non-specific protein adsorption, 10 the PAP oxidation current was greatly suppressed to less than half of the response on the unmodified gold surface. In this respect, TEGCnSH with a longer alkyl chain is not suitable for the detection of PAP oxidation. On the other hand, TEGCnSH with a shorter alkyl chain such as TEGC2SH or TEGC4SH is highly suitable for detecting PAP oxidation because the PAP oxidation peak is still about 70% of that on a bare gold surface.
Results and Discussion
Electrochemical detection of PAP on gold electrodes modified with TEGCnSH
The oxidation peak of PAP on the HOOCC10SH modified gold broadened, although the alkyl chain lengths of the TEGC11SH and HOOCC10SH molecules were similar. This experimental result showed that the rigidity of the monolayer was a very important factor as regards detecting the PAP response. Our previous reports have shown that the rigidity of the TEGCnSH monolayer increases when molecules with longer alkylchains are used, but the packing density of the TEGCnSH monolayers remains lower than that of alkanethiol monolayers.
8,10
Effect of non-specific adsorption on TEGCnSH-modified gold electrode Blood samples contain many kinds of molecules that can interfere with electrochemical detection. Of these, albumin is a protein with one of the highest concentrations. We estimated the influence of non-specific adsorption on the TEGCnSH modified electrode surfaces by using BSA as the model protein. Figure 4 shows the oxidation currents for PAP on the gold electrodes modified with and without TEGCnSH after it was treated with 1 mg mL -1 BSA for 60 min. The current decrease after the BSA treatment was less than 1% with TEGCnSH gold electrodes, whereas it fell over 20% with an unmodified gold electrode.
If we are to employ this modified electrode for an immunoassay under various conditions, it must be very stable even when it coexists with contaminant proteins at various concentrations. Figure 5 shows the positive effects of a TEGC4SH monolayer when measuring PAP oxidation. As shown in Fig. 5 , the magnitude of the PAP oxidation signal was completely unaffected by both 1 and 100 mg mL -1 BSA with TEGC4SH modified gold electrodes. In contrast, the PAP oxidation current decreased noticeably at the unmodified gold electrode. These results indicate that ultra-thin SAMs of TEGCnSH (n = 2, 4, 6) offer advantages for EC-ELISA because their surfaces exhibit relatively high and stable electrochemical activity even when the protein concentration is changed greatly, owing to their protein resistance ability. This could be advantageous in terms of measuring real blood samples quantitatively under different dilution conditions. Figure 6 shows the amount of immobilized anti-leptinantibody on HOOCC10SH-TEGCnSH mixed SAMs (HOOCC10SH:TEGCnSH = 1:9). The antibody was immobilized on HOOCC10SH via a carbodiimide coupling reaction. 13 When TEGC4SH was used as the mixed SAMs, the amount of antibody was 1400 RU, which was equivalent to 1400 pg mm -2 . HOOCC10SH diluted with TEGC4SH revealed the effective adsorption of antibodies. Although TEGC6SH and TEGC8SH can form more densely packed SAMs than TEGC4SH, the amount of immobilized antibody on HOOCC10SH-TEGC6SH (TEGC8SH) mixed SAMs was less than that on the HOOCC10SH-TEGC4SH mixed SAMs. As the molecular lengths of TEGC6SH and TEGC8SH were longer than that of HOOCC10SH, the TEGC6SH and TEGC8SH molecules disturbed the carbodiimide coupling reaction between HOOCC10SH and the antibody by steric hindrance. Consequently, the amount of antibody immobilized on HOOCC10SH-TEGC6SH and TEGC8SH was unsatisfactory. These results indicate that the HOOCC10SH-TEGC4SH mixed SAMs are the most suitable for the immunoassay. The HOOCC10SH-TEG2SH mixed monolayer is unsuitable for forming an antibody immobilized layer because the alkylchain is too short to construct a densely packed mixed monolayer, so the amounts of immobilized antibody then decreased. Figure 7 shows the calibration curve for leptin (n = 3) measured using an electrochemical microfluidic chip. The linear range of leptin was 100 pg mL -1 to 10 ng mL -1 with a detection limit of 13.6 pg mL -1 (S/N = 3). The general cut off value for leptin is around 7.5 ng mL -1 . 18 Therefore, when we diluted the blood samples about 100 times, bloody leptin remained in the detectable range. We can complete one assay within 30 min using our microfluidic chip, whereas the conventional ELISA techniques need several hours. Thus our device is more suitable for POCT in terms of time and detection limit.
Leptin measurement with EC-ELISA using HOOCC10SH-TEGC4SH mixed SAMs
Conclusions
TEGCnSH monolayers on gold electrodes have ambivalent features in that they both avoid non-specific protein adsorption and maintain electrochemical activity. The oxidation peak of PAP was clearly observed with an acceptable signal decrease even in the presence of a THGCnSH layer. The TEGCnSH modified electrode surface was not influenced by the non-specific adsorption of BSA over a wide concentration range. We investigated the use of EC-ELISA for detecting leptin using HOOCC10SH-TEGC4SH gold electrode in a microfluidic chip. As a result, leptin was detected within 30 min with a satisfactory detection range. 
